Skeletal myoblast transplantation is a potential treatment for congestive heart failure. To study the functional activity of both donor and host myocytes following transplantation, skeletal myoblasts expressing an enhanced green fluorescent protein (EGFP) transgene were transplanted into hearts of nontransgenic recipients, and changes in intracellular calcium concentration ([Ca 2+ ] i ) were monitored in donor and host cells. While the vast majority of donor-derived myocytes were observed to be functionally isolated from the host myocardium, a small population of donor myocytes exhibited action potential-induced calcium transients in synchrony with adjacent host cardiomyocytes. In many cases, the durations of these [Ca 2+ ] i transients were heterogeneous compared with those in neighboring host cardiomyocytes. In other studies, EGFP-expressing donor myoblasts were transplanted into the hearts of adult transgenic recipient mice expressing a cardiomyocyterestricted b-gal reporter gene. A small population of myocytes was observed to express both reporter transgenes, indicating that the transplanted myoblasts fused with host cardiomyocytes at a very low frequency. These cells also expressed connexin43, a component of gap junctions. Thus engraftment of skeletal myoblasts generated spatial heterogeneity of [Ca 2+ ] i signaling at the myocardial/skeletal muscle interface, most likely as a consequence of fusion events between donor myoblasts and host cardiomyocytes.
Introduction
Numerous animal studies have demonstrated that skeletal myoblasts differentiate into myocytes and form stable grafts following cellular transplantation into normal or injured myocardium (1) . Transplantation into injured hearts appeared to limit adverse remodeling, and in some cases resulted in either regional or global improvement in left ventricular function. The absence of skeletal myocyte-cardiomyocyte gap junctional complexes (2) , the presence of voltage-dependent recruitment of contractile activity (3) , and the absence of dye transfer and gross electromechanical coupling in explanted tissue (4) all suggested that the donor-derived myocytes were not functionally coupled to the host myocardium. The improved cardiac function observed following transplantation into injured hearts thus was likely due to secondary events, for example, enhanced angiogenesis and/ or altered scar elastic properties due to the presence of donor cells. Indeed, several recent clinical studies showed that transplanted autologous myoblasts formed stable myocyte grafts and improved global cardiac function in humans (5) (6) (7) .
The ability to examine the functional consequences of donorhost interactions at the cellular level in situ would likely contribute to a more basic understanding of how myoblast cell transplantation might impact host heart function. Recently, two-photon molecular excitation (TPME) laser scanning microscopy was used to image calcium-dependent changes in rhod-2 indicator dye fluorescence within individual cardiomyocytes in intact hearts (8) . The approach was subsequently used to image intracellular calcium concentration ([Ca 2+ ] i ) transients in transplanted fetal cardiomyocytes expressing an enhanced green fluorescent protein (EGFP) reporter transgene (9) . The use of TPME with EGFP-expressing skeletal myoblasts might constitute a useful approach to monitor donor-derived myocyte and host cardiomyocyte function following cellular transplantation. Accordingly, in this study skeletal myoblasts were isolated from transgenic mice carrying a ubiquitously expressed EGFP reporter gene (10) . The EGFP-expressing myoblasts were transplanted into hearts of adult nontransgenic recipients, and TPME laser scanning microscopy was used to monitor spontaneous or stimulation-induced [Ca 2+ ] i transients in both host and donor myocytes. [Ca 2+ ] i transients were observed to occur synchronously in host cardiomyocytes, but were typically absent in the donor-derived myocytes. Quite unexpectedly, however, a small fraction of the donor-derived myocytes along the graft/host border exhibited [Ca 2+ ] i transients in synchrony with neighboring host cardiomyocytes. In many cases the durations of the [Ca 2+ ] i transients were heterogeneous in these donor-derived myocytes compared with host cardiomyocytes.
Additional experiments were performed wherein EGFP-expressing skeletal myoblasts were transplanted into the hearts of transgenic mice expressing a cardiomyocyte-restricted, nuclear-localized β-gal (nLAC) reporter gene (11) . Histological analysis of the transplanted hearts revealed the presence of a small population of myocytes that expressed both the donor-and host-derived reporter transgene (i.e., myocytes with green fluorescent cytoplasm and nuclear β-gal activity), indicating that the transplanted skeletal myoblasts had fused with host cardiomyocytes. The prevalence and anatomical locations of these cells were very similar to those of functionally coupled, EGFP-positive myocytes identified by TPME imaging. Moreover, the presence of connexin43 immune reactivity was readily detected at junctional complexes between cells arising from skeletal myocyte-cardiomyocyte fusion events and the juxtaposed host cardiomyocytes. These observations are consistent with the notion that engraftment of skeletal myoblasts generates spatial heterogeneity of [Ca 2+ ] i signaling at the myocardial/skeletal muscle interface, probably as a consequence of fusion events between donor myoblasts and host cardiomyocytes.
Results
Most donor-derived myocytes are functionally isolated from the host myocardium following myoblast transplantation into normal hearts. In order to monitor [Ca 2+ ] i transients in the donor-derived myocytes, it was necessary to generate skeletal myoblasts carrying a fluorescent reporter gene compatible with the TPME imaging system. Accordingly, skeletal myoblasts were isolated from mice that express an EGFP reporter gene under the regulation of the chicken β-actin (ACT) promoter, ACT-EGFP mice (10) . The transgene is expressed ubiquitously in these animals, and robust fluorescence is seen in both skeletal myoblasts and skeletal myocytes. Myoblasts prepared from ACT-EGFP mice were injected directly into the left ventricle of nontransgenic adult recipients. Myoblast transplantation into uninjured hearts typically resulted in the formation of relatively large grafts comprised of well-differentiated, aligned skeletal myocytes ( Figure 1A ). Cell transplantation was specifically performed in uninjured hearts so as to maximize our ability to image functional interactions between donor-derived myocytes and host cardiomyocytes.
To monitor donor cell function, hearts transplanted with skeletal myoblasts were harvested, loaded with rhod-2, and imaged using TPME laser scanning microscopy. To have action potential-evoked [Ca 2+ ] i transients in the same microscopic field, initial imaging was performed at the graft/myocardium border. A representative image obtained in full-frame mode during spontaneous sinus rhythm is shown in Figure 1B . The donor-derived myocytes (which appeared yellow due to the overlay of green EGFP and red rhod-2 fluorescence) were observed to be interdigitated with the host cardiomyocytes (which appeared red due to rhod-2 fluorescence). Periodic increases in rhod-2 fluorescence resulting from action potential-evoked increases in cytosolic calcium concentration are visible as ripple-like wave fronts in host cardiomyocytes, but not in donor-derived myocytes. In order to quantitate temporal changes in [Ca 2+ ] i , fluorescence signals were also recorded in line-scan mode during normal sinus rhythm. The scan line ( Figure  1B , white bar) traversed a host cardiomyocyte and a juxtaposed donor-derived myocyte at a speed of 110 μm/ms. This line was repeatedly scanned at a rate of 32 Hz, and the resulting line scans were stacked vertically ( Figure 1C , upper panel). Averaged traces of the red and green fluorescence from the host cardiomyocyte and the donor-derived myocyte were then generated from the linescan data ( Figure 1C , middle and lower panels, respectively). These traces confirmed that the host cardiomyocytes exhibited transient increases in rhod-2 fluorescence, corresponding to action potential-evoked increases in [Ca 2+ ] i . In contrast, no [Ca 2+ ] i transients were detected in the donor-derived skeletal myocytes.
To exclude the possibility that this observation resulted from loss of membrane excitability or malfunction of the depolarizationinduced calcium release process in the donor-derived myocyte, calcium responses were also monitored during electrical field stimulation (80 V, 1 ms duration, 2 Hz). Under these conditions, [Ca 2+ ] i transients were no longer dependent on cell-to-cell action potential propagation. Electrical field stimulation readily evoked rhod-2 transients in both the host cardiomyocyte and the donor-derived myocyte ( Figure  1D , middle and lower panels, respectively). Collectively, these data indicate that the vast majority of donor-derived myocytes present at the graft/myocardium border are not functionally coupled with the host myocardium during normal cell-to-cell electrical propagation under the imaging conditions used. However, these cells are excitable and retain the ability to raise [Ca 2+ ] i in response to membrane depolarization. Similarly, no [Ca 2+ ] i transients were detected in the central region of the skeletal myocyte grafts during spontaneous or remote point stimulation-evoked depolarizations. A total of 585 donor-derived myocytes imaged during spontaneous sinus rhythm were observed to be electrically isolated from the host myocardium. These cells were distributed among 27 independent animals and in grafts ranging from 11 to 106 days old. Figure 1D ) was surprising, given that the duration of field stimu-
Figure 1
Most engrafted donor-derived myocytes are functionally isolated from the host myocardium. (A) Fluorescence image of a typical intracardiac graft resulting from transplantation of ACT-EGFP myoblasts. Scale bar: 20 μm. (B) Full-frame TPME image of the graft/myocardium border zone of a heart following transplantation of ACT-EGFP myoblasts. Hearts were loaded with rhod-2. Host cardiomyocytes (red) and donorderived myocytes (green/yellow) are apparent. The white bar marks the position of line-scan mode data acquisition. Scale bar: 20 μm. (C and D) Stacked line-scan images and spatially integrated traces of the changes in rhod-2 (red) and EGFP (green) fluorescence (F) during spontaneous (C) and field stimulation-evoked (D) depolarizations from the heart depicted in B at 14 days following ACT-EGFP skeletal myoblast transplantation. Field stimulation was performed at 2 Hz. Note the presence of calcium transients in the donor-derived EGFPexpressing myocyte during field stimulation of the heart, but not during sinus rhythm. a.u., arbitrary units.
lation-induced [Ca 2+ ] i transients in adult murine skeletal muscle fibers is typically less than 100 ms under comparable experimental conditions (12) . To further address this point, the temporal profiles of field stimulation-evoked [Ca 2+ ] i transients were quantitatively compared between donor-derived myocytes and adjacent host cardiomyocytes. Although no variability existed in the rising phase, the duration of the recovery phase differed significantly between individual donor-derived myocytes as well as between the donor-derived myocytes and their neighboring host cardiomyocytes ( Figure 2A ). Similar variability in recovery phase duration was seen following field stimulation of in vitro-differentiated skeletal myocytes prepared from nontransgenic mice and imaged in the absence of cytochalasin D ( Figure 2B ). Quantitative comparisons revealed no significant differences in [Ca 2+ ] i transient profiles between the myoblast-derived skeletal myocytes in situ and in vitro ( Figure 2C ). These data also indicated that neither expression of EGFP nor the presence of cytochalasin D contributed to the heterogeneity in [Ca 2+ ] i transient duration. Prolongation and heterogeneity in the [Ca 2+ ] i transient recovery phase has been reported previously for skeletal myocytes following in vitro differentiation (13, 14) . Importantly, the imaging conditions and the effects on recovery-phase kinetics were very similar to the in situ and in vitro results obtained here.
It is well known that rapid pacing in skeletal muscle results in the fusion of successive [Ca 2+ ] i transients such that they cannot be distinguished from one another (i.e., tetanus), a property that sets it apart from cardiac muscle. To further characterize the [Ca 2+ ] i signaling phenotype in the donor-derived myocytes, hearts with cellular transplants were harvested and loaded with rhod-2, and line-scan imaging was performed during field stimulation at incrementally higher frequencies. Integrated traces of the line-scan data from a rapidly paced, engrafted donor-derived myocyte revealed that the cell developed tetanus in response to rapid stimulation ( Figure 2D , upper panel). The donor-derived myocyte [Ca 2+ ] i returned to baseline levels once pacing was terminated. In contrast, [Ca 2+ ] i transient amplitudes in the host (EGFP-negative) cardiomyocyte did not develop tetanus with increased pacing rates ( Figure 2D , middle panel). As a control, in vitro-differentiated skeletal myocytes were also subjected to field stimulation at incrementally higher frequencies. As expected, the cultured skeletal myocytes developed tetanus with high-frequency stimulation ( Figure 2D On average, the values for [Ca 2+ ] i transient duration (CaT 50% , CaT 90% ) and decay times (t 90-50% , t 50-10% ) were similar in the coupled donor-derived myocytes and the host cardiomyocytes during spontaneous sinus rhythm. However, given the marked heterogeneity in transient duration, the variances for many of the parameters measured were significantly greater in the skeletal myocytes (Table 1) . Interestingly, the variability of the [Ca 2+ ] i transient recovery phase in the coupled donor-derived myocytes was very similar to that seen for uncoupled donor-derived myocytes during field stimulation: values for t 90-50% , t 50-10% , CaT 50% , and CaT 90% were 79 ± 8.9, 123 ± 7.6, 141 ± 11.3, and 264 ± 17.6 ms, respectively (stimulation at 2 Hz; 12 cells, distributed among four recipient hearts, were analyzed). The heterogeneity in [Ca 2+ ] i transient duration observed during spontaneous depolarization (about 2 Hz) persisted during point stimulation at 4 Hz (data not shown). A total of 177 donorderived myocytes exhibiting [Ca 2+ ] i transients synchronous with those in neighboring cardiomyocytes during spontaneous sinus rhythm have been imaged. These cells were distributed among 27 different animals and in grafts ranging from 11 to 106 days old. Thus, on average fewer than seven coupled donor-derived myocytes per heart were detected in the areas amenable to image analysis.
Functionally coupled donor-derived myocytes retain characteristics of skeletal muscle cells. The [Ca 2+ ] i transient shape and recoveryphase heterogeneity suggested that coupled donor-derived myocytes retain functional attributes characteristic of skeletal muscle. To further explore this point, the [Ca 2+ ] i response to incremental increases in stimulation rate was monitored in the coupled donor-derived myocytes and neighboring host cardiomyocytes using line-scan analysis. The line scan traversed three juxtaposed myocytes ( Figure 4A , white line); cell 1 was a coupled donorderived myocyte (EGFP positive), and cells 2 and 3 were host cardiomyocytes (EGFP negative). The cells were subjected to field stimulation at frequencies ranging from 2 Hz to 7 Hz. Examination of the resulting stacked line scans ( Figure 4B ) and the integrated traces ( Figure 4C ) revealed that the coupled donorderived myocyte developed tetanus. In contrast, tetanus did not develop with increased pacing rates in the neighboring host cardiomyocytes (rather, a 2:1 stimulus-response block eventually occurred). These observations suggested that coupled donor-derived myocytes retain functional characteristics of skeletal muscle cells. It is well documented that sustained rapid pacing of isolated mouse skeletal muscle fibers induced fatigue, which was manifest by marked decreases in both developed tension and [Ca 2+ ] i transient amplitude (15, 16) . Fatigue was also readily induced in myoblast-derived skeletal myocytes during sustained pacing at 10 Hz ( Figure 4D ).
Low levels of cellular fusion between donor skeletal myoblasts and host cardiomyocytes. Recent studies have demonstrated that a number of multipotent stem cells can fuse with host cardiomyocytes following systemic delivery (17, 18) . To determine whether skeletal myoblasts could fuse with host cardiomyocytes, myoblasts prepared from ACT-EGFP mice were injected into the hearts of myosin heavy chain-nLAC (MHC-nLAC) transgenic mice. The MHC-nLAC reporter gene targets expression of a nLAC reporter exclusively to cardiomyocytes (11, 19) ; consequently, cardiomyocyte nuclei stain blue when histologic sections from MHCnLAC mice are incubated with 5-bromo-4-chloro-3-indolyl-β-Dgalactoside (X-GAL, a chromogenic substrate for β-gal). Fusion events between donor EGFP-expressing myoblasts and host nLAC-expressing cardiomyocytes can thus easily be identified by the presence of blue nuclei in cells with green fluorescent cytoplasm following X-GAL staining.
To screen for cell fusion events, hearts from MHC-nLAC mice that received ACT-EGFP myoblast transplants were harvested, sectioned, stained with X-GAL, and visualized under bright field illumination. Cardiomyocyte nuclei at the graft/myocardium border were readily identified by the presence of blue nuclear staining ( Figure 5, A-C) . Examination of the same microscopic fields under fluorescence illumination ( Figure 5 , D-F, respectively) revealed that some myocytes with nuclear β-gal activity also exhibited cytoplasmic EGFP fluorescence (arrows). The presence of cells with green cytoplasm and blue nuclei is indicative of fusion events between donor skeletal myoblasts and host cardiomyocytes. Given the typical dimensions of adult cardiomyocytes and myoblast-derived skeletal myocytes, and given that the sections analyzed were 10 μm thick, the presence of a blue nucleus within a green cytoplasm cannot result from simple overlay of two individual cells. Cell fusion events were detected only at the graft/myocardium border. A total of 83 fusion events were found in six hearts harvested between 27 and 50 days following transplantation. This represents on average less than one myoblastcardiomyocyte fusion event per graft-containing section.
To further characterize the fused cells, sections prepared from MHC-nLAC hearts that received ACT-EGFP skeletal myoblast grafts were processed for anti-connexin43 immune histologic analyses. Connexin43 immune reactivity was readily detected between neighboring host cardiomyocytes, as evidenced by punctate red signal at the junctional borders between myocytes with blue nuclei and nonfluorescent cytoplasm ( Figure 6 , A-C). In contrast, no connexin43 immune reactivity was detected between donor-derived myocytes within the center of the graft, as evidenced by the absence of punctate red signal at the junctional borders of myocytes with green fluorescent cytoplasm and nonblue nuclei (Figure 6 , D-F; diffuse red autofluorescence was frequently observed in the donor-derived myocyte grafts). This result was expected, given the absence of functional coupling between these cells (see above). Examination of cells arising from fusion events (cells with blue nuclei and green fluorescent cytoplasm) revealed the presence of connexin43 immune reactivity (punctate red signal) at the junctional borders of neighboring host cardiomyocytes (cells with blue nuclei and nonfluorescent cytoplasm; see Figure 6 , G-L). Thus, cells arising from fusion events between the donor skeletal myoblasts and host cardiomyocytes retained molecular attributes required for electrical communication with the host myocardium.
Discussion
The data presented here revealed that while both spontaneous and remote point stimulation-evoked [Ca 2+ ] i transients were observed to occur synchronously in host cardiomyocytes, they were absent in the vast majority of donor-derived myocytes. These observations were in good agreement with previous studies demonstrating functional dissociation of skeletal myocyte grafts from the recipient myocardium (2-4). Functional isolation could have resulted from a decrease in cell-to-cell coupling and/ or from an intrinsic decrease in donor-derived myocyte excitability. Although previous studies found no immune cytologic evidence for the presence of junctional complexes (3) and no evidence for dye transfer (4), they did not rule out the possibility of atypical donor-derived myocyte-cardiomyocyte coupling. For example, heterotypic junctional complexes (20) or fibroblastmyocyte coupling (21) would not have been detected by these assays. The data presented here unequivocally demonstrate that the preponderance of engrafted donor-derived myocytes were functionally isolated from the host myocardium, even when they were in direct physical contact with host cardiomyocytes. In light of these results, the observation that a small number of the donor-derived myocytes exhibited spontaneous or stimulation-induced calcium transients in synchrony with their neighboring host cardiomyocytes was quite intriguing. These cells were observed only infrequently, and were always located at or near the graft/myocardium border. The coupled donor-derived myocytes developed tetanus upon rapid stimulation, indicating that they retained functional properties characteristic of skeletal myotubes. This view was also supported by the heterogeneity observed in the recovery phase of the [Ca 2+ ] i transients in donor-derived myocytes in situ as well as in in vitro-differentiated skeletal myocytes. Although a considerable number of both uncoupled and coupled donor-derived myocytes were imaged in this study, it is important to note that these numbers did not reflect the relative frequency of these cell types. Indeed, donor-derived myocytes with synchronized transients constituted only a very small percentage of the total number of engrafted EGFP-positive myocytes, and were located only at the graft/host myocardium border. Moreover, no donor-derived myocytes located within grafts exhibited [Ca 2+ ] i transients. Thus, the vast majority of engrafted EGFP-expressing myocytes were functionally isolated from the host myocardium. Because we could not quantitate the total number of EGFP-expressing cells in individual hearts (due to intrinsic limitations of tissue sampling and penetration with the TPME imaging system), it was impossible to determine the precise frequency at which coupled donor-derived myocytes appeared. Nonetheless it was very clear that the coupled EGFPexpressing donor-derived myocytes were too few in number to contribute significantly to global cardiac function.
The observation that transplantation of EGFP-expressing myoblasts into the hearts of MHC-nLAC mice resulted in the formation of myocytes with green fluorescent cytoplasm and blue nuclei following X-GAL staining indicated that donor myoblasts also fused with host cardiomyocytes. Several studies have demonstrated that donor hematopoietic stem cells fused with host hepatocytes following in vivo delivery (22, 23) . In addition, stem cells derived from the bone marrow (17) or from the adult heart (18) were observed to fuse with host cardiomyocytes following delivery into lethally irradiated or infarcted recipients, respectively. Moreover, Murry and colleagues have recently demonstrated fusion events between skeletal myoblasts and cardiomyocytes in vivo using genetic approaches similar to those used here (24) . The observation that cells arising from skeletal myocyte-cardiomyo- 
Figure 6
Connexin43 immune reactivity between cells arising from myoblastcardiomyocyte fusion events and host cardiomyocytes. Ten-micron sections prepared from MHC-nLAC hearts transplanted with ACT-EGFP skeletal myoblasts were stained with X-GAL and reacted with an anti-connexin43 Ab, followed by a rhodamine-conjugated secondary Ab. cyte fusion events expressed connexin43 raised the intriguing possibility that these were the functionally coupled donor-derived cells detected by TPME imaging. This view was further supported by the similarity in the relative frequency of occurrence as well as the anatomical distribution of the coupled donor-derived myocytes compared with the cells arising from fusion events. However, the experimental approaches used here did not rule out the possibility that atypical mechanisms of donor-derived skeletal myocyte-host cardiomyocyte coupling might also have contributed to the functional coupling observed via TPME imaging.
The 2+ ] i has been implicated in the arrhythmogenesis in ischemic myocardium at the infarct border zone (25, 26) . Ventricular tachyarrhythmias were observed, albeit infrequently, in some patients following myoblast transplantation (5, 6). However it was not clear whether the small number of coupled donorderived myocytes that displayed heterogeneity in [Ca 2+ ] i transient recovery-phase duration in our study would have comprised a sufficient cellular mass to trigger arrhythmias (27) . Other factors could easily have contributed to the arrhythmias observed in the clinical studies, including the interdigitation of noncoupled donor-derived myocytes and host cardiomyocytes at the graft/ myocardium border (which mimics electrophysiological heterogeneity observed at the infarct border zone; see ref. Previous studies failed to detect arrhythmias in mouse hearts with skeletal myoblast grafts during surface electrocardiogram analyses (2) . Given the high spontaneous rate of intact mouse hearts (30) it is likely that the coupled donor-derived myocytes were fatigued in vivo. Caveats pertaining to source/sink mismatch, border zone heterogeneity, and ischemia notwithstanding, it is highly likely that if fatigued, coupled donor-derived myocytes would not have been able to induce arrhythmia.
In summary, the data presented here indicated that the preponderance of donor-derived myocytes resulting from the intracardiac delivery of skeletal myoblasts remained functionally isolated from the host myocardium, and retained functional properties characteristic of in vitro-differentiated skeletal myocytes. However, a small percentage of the donor-derived myocytes were functionally coupled to the host myocardium, and a significant fraction of these exhibited heterogeneity in the duration of the [Ca 2+ ] i transient recovery phase. Myoblast-cardiomyocyte fusion was also observed. The presence of gap junctional complexes, the relative frequency of occurrence, and the anatomical distribution of the cells arising from myoblast-cardiomyocyte fusion events were consistent with the notion that these cells contribute at least in part to the population of coupled donor-derived myocytes identified by TPME imaging.
Methods
Skeletal myoblast isolation and culture. Skeletal myoblasts were obtained from 8-to 12-week-old heterozygous C57BL/6J mice expressing EGFP under the control of an ACT promoter and cytomegalovirus enhancer (ACT-EGFP; see ref. 10 ) obtained from The Jackson Laboratory. Myoblast isolation and culture followed the procedure initially described by Konieczny et al. (31, 32) . Mice were killed by cervical dislocation, and the hind limbs were skinned and freed of surrounding adipose tissue and fascia. Approximately 1 g of hind limb muscle was transferred to a dish containing PBS supplemented with 1% collagenase B, 2.4 U/ml dispase II (both from Roche Diagnostics Corp.), and 2.5 mmol/l CaCl2. The muscle was minced with fine scissors and then incubated at 37°C. The slurry was intermittently triturated to assist dispersal. After 30 minutes, the cell suspension was passed through sterile 70-μm nylon mesh to remove undigested tissue fragments and mature myofibers. The filtered cell suspension was centrifuged at 435 g for 5 minutes. To remove fibroblasts, the cells were pre-plated on 60-mm plastic tissue culture dishes in 5 ml Ham's F10 medium (Invitrogen Corp.) containing 10% FBS (HyClone Inc.), 100 U/ml penicillin, 100 μg/ml streptomycin (Invitrogen Corp.), and 2.5 ng/ml recombinant human basic fibroblast factor (Invitrogen Corp.). After 2 hours at 37°C, the nonadherent cells were plated on collagen-coated 60-mm plastic tissue culture dishes at 1 × 10 5 to 5 × 10 5 cells per dish (collagen from Roche Diagnostics Corp.). The complete medium was replaced once per day. Subconfluent cultures were passaged every 2-3 days (1:3 split) to minimize myogenic differentiation at higher myoblast density. Essentially pure myoblast cultures were obtained within 2-3 weeks. A small aliquot of cells not being used for transplantation was replated on collagen-coated 60-mm dishes and cultured in DMEM containing 5% horse serum (Invitrogen Corp.) to induce myogenic differentiation. This procedure was performed to ascertain the myogenic potential of cultured myoblasts. For calcium imaging in WT myotubes, skeletal myoblasts from nontransgenic C57BL/6J mice were isolated and cultured in the same way as described above. Myotubes were used between 7 and 10 days after the first exposure to differentiating medium. TPME imaging system and heart preparation. Preparation of the hearts carrying skeletal myoblast grafts and TPME imaging were performed as described previously (9) . Images were recorded with an MRC 1024 laser scanning microscope (Bio-Rad Laboratories Inc.) modified for TPME. Illumination for two-photon excitation was provided by a mode-locked Ti:sapphire laser (Spectra-Physics); the excitation wavelength was 810 nm. Hearts were imaged through a Nikon ×60 1.2 numerical aperture water-immersion lens with a working distance of 200 μm. Emitted light was collected by two photo-multiplier tubes fitted with narrow bandwidth filters for 560-650 nm and 500-550 nm, respectively. Images were collected at a resolution of 0.43 μm/pixel along the x and y axes. For full-frame mode analyses (512 × 512 pixels), hearts were scanned at 1.46 and 0.73 frames per second on horizontal (x, y) planes, and the resulting images were digitized at 8-bit resolution and stored directly on the hard disk. For line-scan mode analyses, hearts were scanned repetitively at a scan speed of 110 μm/ms along a line spanning at least two juxtaposed cardiomyocytes. Line-scan images were then constructed by stacking all lines vertically. Postacquisition analysis was performed using MetaMorph software version 4.6 (Universal Imaging Corp.).
During TPME imaging, hearts were perfused with oxygenated normal Tyrode's solution containing 50 μmol/l cytochalasin D to eliminate contraction-induced movement. Unless otherwise indicated, all records were made during spontaneous sinus rhythm, which occurred at a rate of approximately 2 Hz under the conditions used. Point stimulation was performed as described previously (8, 9) . Electrical field stimulation of Langendorff-perfused hearts was performed by positioning the heart between a pair of loop-shaped platinum wires placed approximately 1 cm apart, with the current flowing roughly perpendicular to the longitudinal axis of the heart. The hearts were stimulated with 60-to 100-V pulses of 1-to 2-ms duration using a Grass-Telefactor model SD9 stimulator.
The fluorescent profiles of [Ca 2+ ]i transients were obtained by averaging the line-plot data of sequential line scans. For determination of the time course of [Ca 2+ ]i decay, rhod-2 fluorescence was normalized to the difference between peak and baseline intensity, and intervals from 90% to 50% (t90-50%) and 50% to 10% (t50-10%) were calculated. [Ca 2+ ]i transient duration at 50% (CaT50%) and 90% recovery (CaT90%) was determined by measuring the time intervals from the onset of the transient (10% above average baseline values) to the point when [Ca 2+ ]i returns to within 50% and 90% of resting levels, respectively.
Measurements of [Ca 2+ ]i in single skeletal myotubes in culture. For the measurements of [Ca 2+ ]i transients in response to action potentials, myotubes were loaded with rhod-2. The cells were washed free of the culture medium by continuous superfusion with normal Tyrode's solution for 15 minutes at 2 ml/min. They were then exposed to a solution containing 10 μmol/1 rhod-2 plus 0.02% (wt/vol) Pluronic F127 (Molecular Probes Inc.) in normal Tyrode's solution for 20 minutes at room temperature. Cells were subsequently returned to superfusion with dye-free solution for 20 minutes at 2 ml/min before experimentation. Cells in 60-mm dishes were placed on the stage of an upright microscope modified for two-photon illumination (LSM 510 META, Carl Zeiss Inc.) and imaged through a ×40 0.8 NA water dipping objective (Achroplan IR, Carl Zeiss Inc.). Twophoton illumination was provided by a mode-locked Ti:sapphire laser (Spectra-Physics) tuned to a center wavelength of 810 nm. Pulse duration and pulse repetition rate were 100 fs and 83 MHz, respectively. Emitted light was collected by a photomultiplier fitted with a narrow-bandwidth filter for 560 to 650 nm. To induce action potential-evoked [Ca 2+ ]i transients, myotubes were field stimulated via 1-ms square wave pulses with approximately 1.2-fold threshold amplitude. The stimuli were delivered by a programmable stimulator (SD9, Grass-Telefactor) via a pair of platinum wire electrodes held in position by a micromanipulator. Cells were imaged in line-scan mode. A single line across the entire cell width was repeatedly scanned at a frequency of 325 Hz, and composite line-scan images were constructed by stacking scan lines vertically. Fluorescence signals were digitized at 8-bit resolution and stored on the computer's hard disk for offline analysis. All experiments were performed at room temperature. For determination of CaT50%, CaT90%, t90-50%, and t50-10% (see above), signals from three consecutive transients were averaged.
Skeletal myoblast transplantation. Immediately before injection, myoblasts were harvested with 0.05% trypsin/EDTA in PBS at 37°C and washed three times with PBS. They were then injected directly into the ventricular myocardium of adult syngeneic C57BL/6J mice (The Jackson Laboratory) under open-heart surgery as described (33) . One hundred thousand cells were injected in a volume of 2-3 μl using a plastic syringe fitted with a 27-gauge needle. All animal experiments were approved by the Institutional Animal Care and Use Committee, Indiana University School of Medicine.
Detection of donor-host fusion in vivo.
To determine whether transplanted skeletal myoblasts fuse spontaneously with host cardiomyocytes in vivo, skeletal myoblasts from ACT-EGFP mice were injected into MHC-nLAC mice (11) . MHC-nLAC mice use the cardiac α-MHC promoter to target expression of a nuclear-localized β-gal (nLAC) reporter gene. Consequently, fused cells could be detected by staining with X-GAL (Roche Diagnostics Corp.) followed by epifluorescence microscopy of thin sections from MHC-nLAC hearts bearing ACT-EGFP skeletal myoblast grafts. After 16-50 days, mice were sacrificed by cervical dislocation, the hearts were excised, the ascending aorta was cannulated with an 18-gauge needle, and the hearts were retrogradely perfused with 1% paraformaldehyde and 1% cacodylic acid, pH 7.4, at room temperature. Hearts were cryoprotected and sectioned at 10 μm. β-Gal activity was detected by staining with X-GAL. For connexin43 immune histology, hearts were processed and stained with X-GAL as described above. Sections were then incubated with 0.2% Triton X-100 (Sigma-Aldrich) in PBS for 1 hour, followed by 30 minutes of blocking with 2% BSA. Sections were incubated for 12 hours with primary Ab in PBS supplemented with 2% BSA and 10% normal goat serum. A commercially available monoclonal anti-connexin43 Ab (raised against residues 252-270 of rat connexin43; MAB 3068, Chemicon International) was used at 1:250 dilution. Sections were subsequently reacted with rhodamine-conjugated rabbit anti-mouse IgG secondary Ab (AP160R, Chemicon) at 1:50 dilution. All incubation steps were performed at room temperature, and between all incubation steps the slides were thoroughly washed with PBS three times for 5 minutes each.
Statistical analyses. Data are presented as mean ± SEM. The results were analyzed using the two-tailed F test and the Student's t test. Differences were considered significant at P < 0.05.
